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ABSTRACT

Recent advances in microelectronics have produced small electrodes that can be
used for remote dielectric measurements. These miniature sensors are small enough to
be embedded in a composite panel during manufacture with little disturbance to the
manufacturing process. Small particleboard panels (5 by 4.5 by 0.25 in.) were manu-
factured with 6 percent polymeric diphenylmethane diisocyanate resin in a laboratory
hot-press. A dielectric sensor was embedded in the core of each panel to measure both
temperature and dielectric responses. The curing behavior of the particleboard furnish
was also examined using dielectric analysis in a controlled oven and differential
scanning calorimetry. Close agreement was found between the curing response detected
by both these techniques. In addition, the curing response of particleboard furnish in a
controlled oven was remarkably similar to that seen in situ during particleboard
manufacture using four different platen temperatures. The contribution of moisture
changes during pressing to the dielectric signal was evaluated. Finally, two different

sensor designs were evaluated on a limited basis.

The hot-pressing operation is the
focal point for the manufacture of most
wood-based composites. During press-
ing, heat is transmitted into the product
through a complicated heat and mass
transfer process involving both conduc-
tive and convective mechanisms
(4,6,8,9). Great strides have been made
in recent years to understand these con-
solidation processes through in-situ
monitoring of hot-pressing variables. In
particular, internal mat temperature and
moisture histories are studied for their
influence on adhesive cure. Interpreting
the influence of the transient humidity
and temperature gradients within a mat
on adhesive cure has been, at best, specu-
lative.

The importance of adhesive cure to
the integrity of the wood composite is
emphasized by the volumes of research
reports that address the issue. For the
most part, this past work has been re-
stricted to the controlled environment of
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the laboratory to investigate the physical
and chemical processes of the curing
reaction. Extending this information to
the curing behavior of the resin in an
actual production environment requires
that a number of assumptions be made.
Recently, a modified version of dielec-
tric analysis (DEA) has been introduced
that makes in-situ cure monitoring of
thermosetting polymers a reality.
Known as microdielectric spectroscopy,
the utility of this analytical tool has been
demonstrated for a variety of thermoset-

ting polymers (2,5), including phenol-
formaldehyde resins (10) and modified
resorcinol-formaldehyde resins (11).
The objective of this research is to inves-
tigate the application of microdielectric
analysis to the study of the curing reac-
tion of isocyanate adhesives as it relates
to the overall mat consolidation process
of particleboard.

METHODS AND MATERIALS
MICRODIELECTRIC THEORY

The primary objective of dielectric
spectroscopy is the observation of di-
pole orientation and ion mobility within
amaterial. Several excellent reviews on
DEA are available (1,3). Of particular
significance are the fundamental dielec-
tric properties: permittivity (¢) and di-
electric loss (¢'). Permittivity is a meas-
ure of the degree of alignment of dipoles
and dielectric loss is a measure of the
energy expended to align dipoles and
transport ions. These parameters are
analogous to the storage and loss modu-
lus obtained from dynamic mechanical
analysis. Also, it is common practice to
express dielectric data as tan 9, defined
as the ratio of the dielectric loss to per-
mittivity (€"/e') as is done with dynamic
mechanical data. It is important to rec-
ognize that the dielectric loss parameter
results from both a dipole term and an
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Figure 1. — Dielectric scan in the controlled oven for particleboard furnish with 6

percent MDI content.

ionic conductivity component (c), as
follows:

-
el g X
where

D = adipole contribution term
o

frequency
g, = absolute permittivity

o

At sufficiently low frequenies, then,
o can be made much larger than the
dipole contribution term and easily
measured.

During the isothermal cure of a ther-
mosetting polymer, dipoles tend to ori-
ent preferentially along the field direc-
tion while ions move toward the
electrodes. Initially, the mobility of
these components is very high in the
liquid resin. As the curing reaction pro-
gresses, which generates larger complex
molecules, the movement of the ions
and dipoles in the system becomes in-
creasingly restricted. This result is
manifested as longer dipole relaxation
times relative to the experiment’s cycle
time (frequency). Eventually, as the dif-
ference between the relaxation time and
cycle time increases, the dipoles will
remain randomly oriented and ions will
become all but immobilized. In essence,
dielectric data provide information on
material viscosity prior to vitrification
and polymer rigidity in the glassy state.
Therefore, DEA presents an opportu-
nity to characterize the curing reaction
of a thermosetting polymer by monitor-
ing its rheological transformation.

In the past, the application of DEA
has been limited due to experimental
difficulties that required careful sample
preparation and a high vacuum environ-
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ment. Recent technological develop-
ments have avoided many of these ob-
stacles by making it possible to build the
electrode structure on an integrated cir-
cuit. This microdielectric sensor pro-
vides a fixed sample geometry, signal
amplification, and local temperature
measurement while expanding the
available measurement frequencies to a
range of 0.005 Hz to 100 kHz. Perhaps
the most significant enhancement of-
fered by this technology is the small size
of the microsensor, which makes data
collection from remote locations possi-
ble. Consequently, microdielectric
analysis provides tremendous opportu-
nities in the area of thermoset cure, both
in terms of fundamental research efforts
and production quality control.

PANEL MATERIALS

Southem pine particleboard furnish
was obtained from commercial sources
and was maintained at 6 percent equilib-
rium moisture content (MC) until use.
All furnish was screened to remove fines
and overs (passing 9 and holding 18
Tyler mesh). Ovendried furnish was
prepared in a convection oven at 103°C.
Fumnish was prepared to 9 and 12 per-
cent MCs by mixing a measured amount
of liquid water with the 6 percent MC
furnish and storing for 24 hours in a
sealed plastic container.

Polymeric diphenylmethane diiso-
cyanate (MDI) (Mondur MR-5) was
gradually added to the particleboard fur-
nish while manually stirring the mix-
ture. A 6 percentresin level was selected
because the resin could not be ade-
quately distributed at lower amounts.
Each panel was mixed in single batches
immediately prior to pressing. The re-
sidual furnish mixture was used for con-
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trolled dielectric and calorimetry meas-
urements.

DIELECTRIC ANALYSIS

DEA was performed using a Eumet-
rics System III Micro-Dielectric Ana-
lyzer equipped with a microprocessor-
controlied oven. Most measurements
were performed using a low conductiv-
ity sensor and signal converter. An inter-
digitated electrode (IDEX) sensor with
ahigh conductivity signal converter was
used for a single scan. All scans were
performed at a frequency of 100 Hz.
Although multifrequency scans are
typically used for cure analysis, a single
frequency was necessary to collect an
adequate number of data points during
the rapid temperature changes in the
press. Temperature is detected using a
Type J thermocouple integrated into the
low conductivity sensor. However, a
separate thermocouple was located ad-
jacent to the IDEX sensor.

DEA was performed in both a micro-
processor-controlled oven and in panels
during pressing. For controlled oven
scans, approximately 10 g of fumnish and
resin was applied to the DEA sensor and
placed on the oven’s heating stage. The
furnish was pressed on the sensor with a
metal plate and screw clamp. A glass
cover was placed over the heating stage
to minimize heat loss. Duplicate sam-
ples were tested with oven scans to ver-
ify repeatability.

Small particleboard panels (5 by 4.5
by 0.25 in.) were manufactured in a 6-
by 6-inch laboratory hot-press. Panels
were manually formed to a target den-
sity of 45 pcf. The DEA sensor was
located in the center of the panel after
forming 50 percent (by weight) of the
panel. A small low density area was
formed around the brittle low conduc-
tivity DEA sensor to prevent fracture. In
addition, the sensor was backed with a
0.06-inch-thick piece of basswood to
prevent bending in the pressed panel.
These steps were not necessary for the
tough IDEX sensor. The panels were
pressed at the specified platen tempera-
ture for 15 minutes and were then re-
moved from the press to cool. The DEA
scan began as the panel was being
loaded into the press. Press closure be-
gan 1 minute into the DEA scan and was
completed in approximately 15 sec-

onds. All panels were pressed to stops.
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DIFFERENTIAL SCANNING
CALORIMETRY

Differential scanning calorimetry
(DSC) was performed using a Perkin
Elmer DSC 2. Small samples of furnish
(20 mg) were placed in o-ring-scaled,
medium-pressure containers for analy-
sis. The samples were scanned from 50°
to 200°C at a heating rate of 10°C/min.
Temperature and heat calibration was
performed using an indium standard.
Data were recorded on a strip recorder
and manually digitized for computer
analysis.

RESULTS AND DISCUSSION
CONTROLLED SCANS

A controlled DEA scan on particle-
board fumnish with a 6 percent MDI
content is shown in Figure 1. The di-
electric scan can be divided into four
distinct regions that show: 1) the in-
crease in dielectric loss (") with in-
creasing temperatures less than 75°C; 2)
the decrease ine” between the inflection

points displayed at 75° and 155°C; 3)
the increase in € for temperatures
greater than 155°C; and 4) the relatively
linear decrease in £’ with temperature (a
characteristic cooling curve for a fully
cured polymer).

The early increases in €” seen in
region | result from decreases in viscos-
ity in the liquid MDI resin with increas-
ing temperature. Evidence of the onset
of cure is seen as a change in the slope of
the curve atabout 50°C, the reaction rate
is not great enough to completely coun-
teract the temperature-viscosity rela-
tionship. However, in region 2, the rapid
progression of cure results in a signifi-
cant decline of €”. In this region, &
consistently decreases with the in-
creased viscosity and decreased mo-
lecular mobility of the MDI resin and
composite panel. Because this change is
only associated with the changes in the
physical properties of the resin, no direct
interpretation can be made regarding the
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Figure 2. — Differential scanning calorimetry of particleboard furnish with 6 percent

MDI content.
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Figure 3. — Typical dielectric scan during particleboard pressing.

74

chemistry of polymeric network forma-
tion (i.e., urethane and urea bond forma-
tion) from this single scan. Simply
stated, the inflection points displayed at
75° and 155°C denote the omset and
culmination of cure as it is actually
manifested in the panel. Region 3 results
from the softening of the cured (solid)
MDI resin and wood polymers. The
cooling curve shows the charac-
teristically linear relationship between
the log of "' and temperature for a fully
cured polymer (region 4). All the panels
in this study were removed from the
press and allowed to cool during the
dielectric scan.

A DSC scan of the particleboard fur-
nish generated using a similar tempera-
ture history is shown for comparison in
Figure 2. An exothermic peak located
between 65° and 130°C results from the
curing reaction of the MDI resin. Note
that the onset of the curing reaction is
observed at essentially the same tem-
perature when determined by DSC as
compared to DEA. However, DEA sug-
gests that resin cure is not complete until
a temperature of about 150°C, almost
20°C beyond that indicated by DSC.
This apparent discrepancy can be ac-
counted for in terms of the charac-
teristics of the two analytical tech-
niques. DSC senses heat flow from
curing regardless of its influence on the
physical properties of the resin. Reac-
tions occurring early in the cure cycle
(i.e., at low temperatures) produce sig-
nificant amounts of heat, but hawve little
influence on developing mechanical
properties. However, network polymers
are typically sensitive to small amounts
of crosslinking when crosslink density
is low. Therefore, reactions occurring
late in the cure cycle may contribute
significantly to increasing physical
properties, but produce little heat. Since
the dielectric sensor measures the mo-
bility of ions and dipoles in the sample,
it is inherently more sensitive to physi-
cal property changes and, therefore, the
latter stages of cure.

PANEL SCANS

A typical DEA scan during panel
pressing is shown in Figure 3. The panel
was loaded into the press and the scan
began at time equal to zero. Both tem-
perature and €' remained constant until
the press was closed at 1 minute. Both
variables increased during the press
closing time, which was approximately
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45 seconds. During the remainder of the
press cycle, the panel temperature as-
ymptotically increased toward the
platen temperature. However, £” con-
tinuously decreased as the MDI resin
cured. As the platen temperature was
approached inside the panel, small fluc-
tuations can be seen in both the core
temperature and €” resulting from the
on-off temperature control in the press.
CURE KINETICS
Although Figure 3 is useful to ob-

serve the press cycle, the cure relation-
ship is best understood when the press
data are presented in a different manner.
Figure 4 depicts the same cure data for
four particleboard panels (6% MDI con-
tent) manufactured with identical press
cycles and different platen tempera-
tures. The data are presented as a func-
tion of temperature, rather than press
time, for comparison with the controlled
DEA scans. The magnitude of €” is in-
fluenced by the mechanical pressure
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Figure 4. — Panel dielectric scans for particleboard panels manufactured with
different platen temperatures (individual data points). A controlled oven scan is

overiaid (solid line) for comparison.
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Figure 5. — Panel core temperature during hot-pressing
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producing physical contact between the
particleboard furnish and the DEA sen-
sor. Because pressure on the sensor
could not be strictly regulated in the
controlled and panel scans, the control-
led scan data are vertically shifted. This
vertical shift on the log scale is equiva-
lent to amultiplier on anormal scale and
merely serves to amplify the dielectric
signal. This shift does not influence the
temperature-curing relationship of the
particleboard fumnish and is performed
to enhance the comparison of this rela-
tionship between controlled and panel
scans.
It can be seen in Figure 4 that the
temperature-cure relationship between
the controlled and panel scans are re-
markably similar for the panels pressed
at 140° and 155°C. For the two panels
pressed with an initial platen tempera-
ture of 170°C, the magnitude and shape
of the " curve are again similar to the
controlled scans; however, the cure ap-
pears to be shifted to higher tempera-
tures. The apparent increase in cure tem-
peratures with platen temperatures in
particleboards can be explained using
cure kinetics. In the controlled oven
scans, the furnish was heated at a rate of
10°C/min. For panels with low platen
temperatures, the heating rate inside the
core of the panel was slower than panels
pressed at high platen temperatures.

The relation of the intemal heating rate
and platen temperatures can be illustrated
in the panel heating curves in Figure 5.
After press closure (approximately 1 to
1-1/2 min.), the core of all panels heated
rapidly to approximately 100°C. The
heating rate then changesto anearly linear
increase in temperature with press time
unti] the platen and core temperatures are
equal. Measuring the slope of this portion
of each heating curve shows that the heat-
ing rates for the 140°, 155°, 170°, and
170°/200°C panels were 14.0°, 13.5°,
22.8°,and 23.2 *C/min., respectively. Be-
cause the heating rate for the two high
temperature panels was nearly double that
of the low temperature panels and the
controlled oven scans, the curing regime is
apparently shifted to higher temperatures.
This shift is actually manifested by the
decrease in curing time at each tempera-
ture associated with the higher heating
rates.

To determine if the 170°/200°C
panel was completely cured, the platen
temperature was increased to 200°C, 10
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minutes into the DEA scan. Complete
cure can be detected by the presence of
region 3 (Fig. 4) where the log €” in-
creases linearly with temperature. If the
MDI has not completely cured, the log
€' will continue to decrease. The DEA
scan in Figure 4 for this panel clearly
shows the presence of region 3. The
relatively linear decrease of log € with
temperature during panel cooling is
similar to that seen in the controlled
‘oven scan.

INFLUENCE OF MOISTURE

Dielectric constants for wood are
strongly influenced by MC (12). Differ-
ences in absolute MCs for the wood
component would have little influence
on detecting adhesive cure in panels be-
cause only the relative change in the
dielectric constants are of interest. How-
ever, the decreasing MC of the wood
component seen during hot-pressing (8)
could present serious complications for
using dielectrics to monitor adhesive
cure because the dielectric signal could
be a product of two major factors.

To determine the contribution of
moisture changes during pressing to the
decrease in€”, panels were pressed with
and without (i.e., neat wood) MDI resin
at two different MCs. Figures 6 and 7
show DEA scans for panels hot-pressed
with ovendried and 9 percent MC wood,
respectively. Panels were prepared and
pressed with neat wood (i.e., without
MDI resin) and 6 percent MDI resin. All
panels were pressed with identical
platen temperatures and press times.

Both the ovendried and 9 percent
MC wood panels show a marked differ-
ence in the decrease of log € with press
time. This difference is most pro-
nounced with the ovendried wood pan-
els, indicating that moisture loss in the
wood during pressing is likely to con-
tribute to the overall dielectric response
of the panel. This contribution does not,
however, seem to dominate the dielec-
tric response of the panel. This point is
most evident in the similarities between
the controlled and panel dielectric sig-
nals. Despite the inevitable differences
that exist in the moisture changes that
result in the oven samples and particle-
board panels, the dielectric signals are
remarkably similar.

More evidence of the role of mois-
ture in the total dielectric signal can be
seen in Figure 7. The emratic behavior of
the dielectric signal for temperatures be-
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Figure 6. — Dielectric scans for particleboard panels pressed with ovendried wood
No MDI resin was included in the neat wood panel
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Figure 7. — Dislectric scans for particleboard panels pressed with wood with 9
percent moisture content. No MDI resin was included in the neat wood panel.
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Figure 8. — Dielectric scans for particleboard panels made with both the low
conductivity and IDEX sensor types.
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low 100°C in the neat wood panels is
characteristic of polarization on the di-
electric sensor. The polarization is likely
caused by the condensation of water
vapor present in the particleboard panel.
This would indicate a saturated gas en-
vironment is present in the panels for
these temperatures. Kamke and Wolcoit
have observed saturated environments
in flakeboard panels (8). This polariza-
tion is not readily evident in the panel
with MDI resin. It is possible that much
of the water vapor in these panels is
being consumed in reactions with the
MDI resin producing polyureas. This
reaction is well known to exist and
thought to contribute highly to the cur-
ing of MDI resin in wood composites
.

The interactions of the resin, mois-
ture, and wood to produce the total di-
electric signal is clearly evident in these
experiments. Combined, these compo-
nents produce an interesting view of the
panel formation. Separately, they indi-
cate contributions of the individual
components of interest.

SENSOR TYPE

The previous experiments were con-
ducted with amicrodielectric sensor that
is sensitive to low conductivity materi-
als (bulk conductivity range = 10°16 to
10 Siemens/cm). Other sensors are
commercially available for high con-
ductivity materials (bulk conductivity
range = 108 to 10° Siemens/cm). Also
available as a more rugged, durable al-
temnative is the interdigitated electrode
sensor (IDEX), which can measure bulk
conductivities ranging from 10~14to 10°
Siemens/cm with careful interface se-
lection. This particular sensor has an
electrode spacing of .005 inch, com-
pared to an electrode spacing of 0.0005
inch on the low conductivity sensor,
which prevents polarization from occur-
ring as readily. Also, the increased me-
chanical toughness of this sensor makes
it better suited for high tempera-
ture/pressure applications and therefore
increases the panel densities that can be
studied.

A comparison of the dielectric sig-
nal detected by the conventional low
conductivity and IDEX sensors is
shown in Figure 8. The IDEX sensor
produces a signal that more clearly
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depictstheearlystagesofthepresscycle
than the low conductivity sensor. This
difference is likely produced from the
decreased polarization on the IDEX
sensor. Itisinteresting thatthetwoscans
converge at the end of the pressing cy-
cle. This could indicate that the IDEX
sensor is less sensitive to moisture
changes than the low conductivity sen-
sor. Ifdifferences in sensor types canbe
moreclearlydefined,techniquesmaybe
developed to use multiple sensors to
depict different phenomena contribut-
ingtopanel formation.
CONCLUSIONS

Microdielectric analysis provides a
valuable tool for in-situ detection of
panel formation. The technique is sensi-
tive to the cure of polymeric MDI resins
in particleboard panels. The dielectric
signals produced from scans of particle-
board panels during pressing were simi-
lar to those produced in a controlled
oven scan with small amounts of fur-
nish. The technique is sensitive to the
cure differences that result with differ-
ent heating rates. This fact must be con-
sidered when comparing the signal pro-
duced in both controlled and pressing
conditions.

Moisture changes during pressing
contribute to the overall dielectric signal
of particleboard fumish. It is not possi-
ble to determine the exact contribution
of moisture from this research; however,
sensor polarization early in the press
cycle is evident. The dielectric signal
produced with neat wood is substan-
tially different than that produced when
MDI resin is included. In addition, the
similarities between scans produced
from small samples of particleboard fur-
nish cured at controlled heating rates in
an oven and those hot-pressed in panels,
supports the theory that the curing of
MDI resin dominates the dielectric sig-
nals seen in this research. The use of
multifrequency scans may provide in-
sight into the role of moisture in future
research.

Qualitative differences are seen in
the dielectric signals produced from
particleboard panels monitored using
low conductivity and IDEX mi-
crodielectric sensors. The signals are
similar in the magnitude of the dielectric
loss term (") and temperatures corre-
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sponding to inflection points in signals.
The IDEX sensor produces a more de-
fined signal at early stages of the press-
ing cycle and is apparently less sensitive
to polarization from water vapor.

Although microdielectric analysis
shows great potential in the in-situ de-
tection of adhesive cure during pressing
of wood composites, additional research
is needed to better define parameters
such as sensor type, frequency of scans,
and response of adhesive type. In addi-
tion, efforts must be made to increase
the scan rate to better detect the early
portions of the pressing cycle.
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